Neutrophil serine proteases (NSPs) are critical for the effective functioning of neutrophils and greatly contribute to immune protection against bacterial infections. Thanks to their broad substrate specificity, these chymotrypsin-like proteases trigger multiple reactions that are detrimental to bacterial survival such as direct bacterial killing, generation of antimicrobial peptides, inactivation of bacterial virulence factors and formation of neutrophil extracellular traps. Recently, the importance of NSPs in antibacterial defenses has been further underscored by discoveries of unique bacterial evasion strategies to combat these proteases. Bacteria can indirectly disarm NSPs by protecting bacterial substrates against NSP cleavage, but also produce inhibitory molecules that potently block NSPs. Here we review recent insights in the functional contribution of NSPs in host protection against bacterial infections and the elegant strategies that bacteria use to counteract these responses.
Introduction
Neutrophils are the most abundant circulating leukocytes [1] and are the first cells of the innate immune system to migrate to an infection site [1] . Neutrophils can rapidly kill bacteria using three mechanisms that all depend on their antimicrobial granular components ( Fig. 1) [2] . First, neutrophils can engulf bacteria (phagocytosis) and subsequently kill them inside the phagocytic vacuole after fusion with granules. Second, they can release their granular content into the extracellular milieu via exocytosis (degranulation) [1] . Third, they can release neutrophil extracellular traps (NETosis), which contain the antimicrobial granule proteins, to entrap and kill bacteria [3] . It is now evident that neutrophil serine proteases (NSPs) play key roles in each of these antibacterial responses.
This protease family consists of neutrophil elastase (NE), proteinase 3 (PR3), cathepsin G (CG) and the recently discovered neutrophil serine protease-4 (NSP4) [4] . NSPs are stored within the acidic granules tightly bound to proteoglycans that inactivate them [5] . They only become active after their release into the phagocytic vacuole [2, 6] where their concentrations are believed to reach as high as 50 mg/ml (based on calculations for MPO [5, 7, 8] ). In addition to their intracellular role, NSPs are also important components of neutrophil degranulation fluid and NETs [9] . NSPs belong to the chymotrypsin family of serine proteases, in which a charge-relay system of His-Asp-Ser forms the catalytic site (for excellent reviews on NSP biochemistry please read [10] and [11] ). Despite their similar sequences (35-56 % identical) and tertiary structures, however, they display different substrate specificities. Together they have the ability to cleave a wide variety of substrates. This broad substrate specificity, and the fact that they act at multiple locations (intracellular and extracellular), often complicates detailed understanding of NSP contributions to antibacterial host defense. Here we discuss recent insights into how NSPs contribute to the defense against bacteria and illustrate how bacteria can effectively antagonize NSP activity.
NSP functions in antibacterial defense
Although NSPs can also indirectly modulate the immune response, for instance by functioning as chemoattractants or cleaving chemokines (see [12] , [13] and [14] for recent reviews), we will here focus on the more direct interactions of NSPs with bacteria ( Fig. 2) .
Direct killing
The best-known antibacterial function of NSPs is direct killing of bacterial cells. While NE has been shown to directly kill the Gram-negative bacteria Klebsiella pneumoniae and Escherichia coli, only for the latter it has been shown to depend on cleavage of its outer membrane protein A (OmpA), resulting in loss of membrane integrity and cell death [15, 16] (Fig. 2a) . Separately, the Gram-positive Streptococcus pneumoniae is known to be killed by the concerted action of NE, CG, and PR3 within the phagocytic vacuole, which was also demonstrated in vivo [17, 18] . This process requires the presence of pneumococcal capsule, although the mechanism is yet unknown [19] (Fig. 2a) . Surprisingly, NE seems trivial for killing of the closely related organism, Staphylococcus aureus, nor has the role of CG been well established [5, 16, 20] . In addition to the afore mentioned examples, NSPs might also be bactericidal independent from their proteolytic activity, but the exact mechanism of action is unknown [21] . Taken together, direct anti-microbial activity of NSPs is only demonstrated for a very limited amount of bacterial species.
Generation of antimicrobial peptides
More indirectly, NSPs can cleave host proteins to generate antimicrobial peptides. The bestknown example is the extracellular cleavage of hCAP-18 by PR3 to generate the antimicrobial peptide LL-37 [22] . Separately from this, extracellular NSPs can also cleave serum proteins of the complement and coagulation systems to generate distinct antimicrobial peptides. For example, NE cleaves the central complement protein C3 to generate a peptide that mimics the natural C3a anaphylatoxin. As with C3a, this NE-derived peptide of C3 shows antimicrobial activity against Enterococcus faecalis and Pseudomonas aeruginosa [23] (Fig. 2b ). NE and CG can also cleave thrombin and release peptides that are antimicrobial to E. coli [24] . Lastly, NE cleaves the tissue-factor pathway inhibitors (TFPI-1 and TFPI-2) into peptides that kill a wide range of bacteria, or bind E. coli, respectively [25, 26] .
Virulence attenuation
Furthermore, NSPs may attenuate bacterial virulence by inactivating factors required for pathogenesis. For example, NE, but not CG, cleaves the invasins IpaA-C and the mobility protein IcsA of Shigella flexneri to prevent bacterial dissemination into the cytoplasm of neutrophils [27] (Fig. 2c) . Virulence factors of the related enterobacteria Salmonella typhimurium and Yersinia enterocolitica were also cleaved [27] . Such effects are not limited to Gram-negatives, however, as CG cleaves the S. aureus adhesin clumping factor A (ClfA) and removes its active domain (Fig. 2c) [28] . Judging from the broad substrate specificity of NSPs and the relatively low concentrations needed to target virulence factors [27] , it seems likely that many more bacteria are attenuated in this way.
NET formation
The role of NSPs during NET formation is perhaps best illustrated by the absolute requirement of active NE to form NETs. Upon NET induction, NE translocates to the nucleus and cleaves histones to facilitate the DNA decondensation central to this process [29, 30] (Fig. 1c) . In addition, all NSPs are found within the NETs [9] . NETs are currently believed to have three functions. First, they catch the extracellular NSPs, and other antimicrobial agents released from neutrophils, to prevent host damage at distal sites [31] . Second, they ensnare bacteria to prevent them from disseminating to other body sites [32] . Third, they can kill the captured bacteria via the antimicrobial agents found within them [33] .
Besides the large debate about the direct bacterial killing by NETs in general [34] , it is unlikely that the NSPs contribute to killing within NETs since even S. pneumonia survived entrapment [32] , despite its sensitivity to NSPs within the phagocytic vacuole. Moreover, activities of NSPs within NETs are decreased, which for NE and PR3 can be restored upon DNAse treatment of NETs [35] . In addition, NET-bound NSPs may also be inactivated by high concentration of NSP inhibitors in serum [36] . Altogether, the main role for NSPs probably lies in the induction of NETs, so that they can confine the bacterial infection. This bacterial entrapment might be an interplay with the coagulation system. The coagulation inhibitor TFPI-1 is bound by NET DNA and inactivated by NET-associated NE, which promotes thrombus formation. During systemic E. coli infection, this thrombus prevented bacterial dissemination into other tissues [37] .
Lessons from patients and in vivo studies
The fact that neutrophils are crucial in human antimicrobial defense is evident from the numerous recurrent infections in patients with neutrophil deficiencies [38, 39] . For long it was believed that reactive oxygen species (ROS), generated in the phagocytic vacuole by NADPH oxidase and myeloperoxidase, are the major bactericidal molecules responsible for neutrophil killing of bacteria. However, the direct antibacterial effects of ROS seem to be overstated and it is currently believed that a concerted action of NADPH oxidase and NSPs is necessary to effectively eradicate bacteria [6] . This is demonstrated by studies with NE −/− and CG −/− mice that showed that NSPs are crucial for clearance of E. coli, K. pneumoniae and S. pneumoniae [15, 16, 18] .
Bacterial mechanisms to block NSPs
Increasing evidence now shows that bacterial pathogens have evolved strategies to counteract human NSPs. The mechanisms identified thus far range from protecting bacterial substrates against proteolytic cleavage to the production of protease inhibitors that directly block NSPs (Fig. 3) .
Modifications of bacterial NSP substrates
The opportunistic pathogens S. epidermidis and S. aureus express glycosyltransferases (SdgA and SdgB) that decorate cell surface-bound proteins with N-acetylglucosamine (GlcNAc) moieties on their serine-aspartate dipeptide (SDR) repeats [28] . These SDR repeats are, among others, found in the virulence factors ClfA and ClfB, SdrC, SdrD, SdrE (S. aureus) and SrdF, SdrG and SdrH (S. epidermidis). The GlcNAc modification protects them from proteolytic degradation by CG (Fig. 3a) .
Another mechanism is used by the Gram-negative human pathogen Neisseria meningitidis. Like all Gram-negatives, the outer membrane of N. meningitidis contains LPS molecules that are anchored to the membrane via lipid A. This can be modified by Neisserial phosphoethanolamine transferase (lptA) with phosphoethanolamine to prevent proteolysisindependent killing by CG [40] (Fig. 3a) .
Bacterial protease inhibitors
Bacteria can also directly counteract NSPs by producing high-affinity inhibitors. Many Gram-negative bacteria express the dimeric, periplasmic protein ecotin (16 kDa) that inhibits NSPs by forming heterotetrameric complexes [41] . The ecotin orthologues of pathogenic E. coli, Yersinia pestis and P. aeruginosa all potently block NE and CG (Fig.  3b) . Ecotin is not a specific NSP inhibitor, however, since it also potently inhibits a wide range of other chymotrypsin-like proteases, like trypsin and chymotrypsin [41] .
Another interesting group of protease inhibitors are the Gram-negative homologues of the mammalian alpha-macroglobulin (MG) family. MGs are large (>170 kDa) glycoproteins that inactivate a wide variety of proteases [42, 43] (Fig. 2c) . These bacterial MG-like proteins (bMGs), supposedly acquired via horizontal gene transfer from their metazoan hosts [44] , display remarkable structural and functional homology to human α2-MGs. Like αMG, proteolytic cleavage of a bait region in bMGs results in a conformational change that allows the inhibitor to covalently capture the protease. The E. coli protein ECAM has a similar secondary structure to human plasma α 2 -MG and likewise contains an internal thioester to form covalent complexes with NE, trypsin and chymotrypsin [45] .
Intriguingly, both ecotin and bMGs are expressed in the periplasmic space of Gram-negative bacteria. Thus, they can only function against proteases that can breach the bacterial outer cell membrane. Since ecotin was found to protect E. coli from killing by purified NE [41] , this suggests that NE gains access to the periplasm following degradation of OmpA and disrupts the membrane integrity. Still, the question remains whether these broad-range protease inhibitors evolved specifically to protect bacteria from NE, or whether they mainly serve to block pancreatic digestive proteases in the mammalian gut or bacterial aggressors that inject proteases in the periplasm [45] .
These broad-range protease inhibitors aside, a very recent study indicates that S. aureus has evolved a family of highly specific NSP inhibitors. Our group identified three related proteins that potently inhibit NE, CG and PR3 but not the closely related thrombin, plasmin and kallikrein [46] . This family includes the extracellular adherence protein (Eap, 53 kD) and its smaller homologues EapH1 (12 kD) and EapH2 (13 kD) (Fig. 3b) . EapH1 forms a non-covalent, 1:1 complex with NE, occluding the NE active site and preventing substrate cleavage. Since NE, CG and PR3 show high structural resemblance [47] , structural interpretations of the NE/EapH1 complex are directly relevant to CG and PR3 complexes as well (Fig. 3c) . Although expression of these three staphylococcal proteins is upregulated in the presence of neutrophil granules [48] , it remains unknown whether they are expressed inside phagocytic vacuoles or rather serve to block extracellular NSPs of degranulated neutrophils or within NETs. Eap proteins were shown to also affect outcome of infection in vivo. The fact that S. aureus evolved three very potent and specific inhibitors of NSPs implies a crucial role for NSPs in the defense against S. aureus.
Conclusions
Recent advances in understanding the molecular interplay between NSPs and bacteria now indicate that the role of NSPs in antibacterial host defense is much more diverse than simply directly killing of bacteria. Considering the few species it this has been proven for, a directly bactericidal activity of NSPs seems very much overstated. On the contrary, a large body of evidence shows that these proteases can diminish bacterial virulence in many ways and their specific activities may even differ depending on the exact location where they encounter bacteria (within the phagocytic vacuole or in the extracellular space). In our opinion, future work should also address whether NSPs collaborate with other antibacterial host defense components such as membrane-perturbing granular components. Still, the fact that bacteria evolved inhibitors of NSPs, which are highly specific in case of S. aureus, indicates that their role in anti-bacterial defense is indispensable. The endogenous production of these inhibitors has probably complicated previous studies analyzing the role of NSPs in defense in vivo and we feel that future work on NSP host defense functions should take these evasion strategies into account. Overall, these insights will contribute to a better understanding of the roles of NSPs in host defense against bacteria.
Highlights
• Neutrophil serine proteases (NSPs) support bacterial clearance by neutrophils.
• NSPs can kill bacteria, generate antimicrobial peptides or induce NET formation.
• The anti-bacterial activities of NSPs are underlined by the discovery of bacterial inhibitors.
• Gram-negative bacteria block chymotrypsin-like proteases like NSPs within the periplasm.
• Staphylococcus aureus secretes a family of three highly specific NSP inhibitors. 
